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Abstract— This paper proposes pose detection and control 
algorithms in order to control the relative pose between two 
Unmanned Underwater Vehicles (UUVs) using optical 
feedback.  The leader UUV is configured to have a light source 
at its crest which acts as a guiding beacon for the follower 
UUV which has a detector array at its bow. Pose detection 
algorithms are developed based on a classifier, such as the 
Spectral Angle Mapper (SAM), and chosen image parameters. 
An archive look-up table is constructed for varying 
combinations of 5-degree-of-freedom (DOF) motion (i.e., 
translation along all three coordinate axes as well as pitch and 
yaw rotations). Leader and follower vehicles are simulated for 
a case in which the leader is directed to specific waypoints in 
horizontal plane and the follower is required to maintain a 
fixed distance from the leader UUV. Proportional-Derivative 
(PD) control (without loss of generality) is applied to maintain 
stability of the UUVs to show proof of concept. Preliminary 
results indicate that the follower UUV is able to maintain its 
fixed distance relative to the leader UUV to within a 
reasonable accuracy.   
Keywords- Unmanned underwater vehicle, optical 
feedback, leader-follower, detection, control design 
I. INTRODUCTION 
utonomous unmanned vehicles have been extensively 
used in tasks that are difficult and/or dangerous for 
the humans to accomplish. The unmanned vehicles 
are employed in space and air, on ground, and in 
underwater operations. In recent decades, there has been an 
increased interest in the coordinated control of multiple 
unmanned vehicles in order to reduce operational time and 
costs.  One particular example is the use of multiple 
unmanned underwater vehicles (UUVs) in surveys [1-4]. 
This concept can be beneficial in large fleet surveys, as 
multiple vehicles are able to scan larger areas in less time, 
thus reducing operational costs. 
For coordinated formation control of unmanned 
vehicles, a variety of architectures and strategies have been 
developed. The strategies used are mainly virtual structure, 
behavior based, leader-follower, artificial potential and 
graph theory [5].  In this paper the leader-follower strategy 
is used to evaluate formation control in underwater 
conditions. The leader-follower method is considered less 
complex than that of other approaches and considered 
reliable [6]. However, disadvantage of this method lies in 
the lack of communication from the followers to the leader.  
A key requirement for the leader-follower method is the 
establishment of a communication link between the two 
UUVs. The challenge for underwater communications 
arises from the fact that technologies that have been used 
for aerial and ground vehicles, e.g. GPS and radio signals, 
attenuate significantly and thus cannot be used in 
underwater applications. Recent studies on formation 
control of multiple UUVs in a leader-follower strategy 
mostly focus on acoustics as the method of communication 
between the vehicles [7-10]. While acoustic communication 
can be established over long distances, the hardware is often 
costly and the operational bandwidth is limited. Optical 
communication is a cost-effective alternative to acoustical 
detection as commercial-of-the-shelf (COTS) components 
are currently available that would sufficiently fit this 
proposed application. However, the effective 
communication range is shorter than that of acoustics. In 
addition, the optical properties of water constantly change 
and add to the process uncertainty. 
 Currently, the use of optical communication for UUV 
motion is limited. Current studies focus mainly on planar 
optical arrays for autonomous underwater vehicle (AUV) 
communication that include the use of a photodiode arrays 
to estimate AUV orientation to a light beacon [11], and the 
development of distance-detection algorithms for UUVs[12, 
13]. Similar optical communication approaches were also 
used for docking operations of AUVs. Here, using a single 
quadrant photodiode mounted on an AUV, the optical 
detector was able to detect translational motion with respect 
to a light beacon mounted on the docking station [14].  
 This paper presents the second stage of the authors’ 
study on leader-follower UUV formation using optical 
communication. After development of an analytical 
(numerical) simulator for the design of optical arrays for 
UUVs [15], the current focus of this study is on using 
optical distance detection algorithms to provide feedback to 
the vehicle control system.  Here the feedback comes in the 
form of output imagers produced from the UUV light 
detector array.  
II. THEORETICAL BACKGROUND 
The authors’ simulator was developed based on ocean 
optics concepts, where a point source light field was used as 
a guiding beacon. The performance of the light detector 
array was evaluated for a variety of array geometries and a 
range of oceanic conditions (e.g. diffuse attenuation 
coefficients). The detector array performance was evaluated 
based upon its effectiveness to decouple distance and 
orientation changes of the sensor system with respect to a 
light source beacon. In this study, detection and control 




used to control the relative position and orientation of the 
UUVs. The hardware configuration is such that one UUV 
has a point light source at its crest (at the aft) and the other 
UUV has a light detector array mounted at its bow. The 
detection algorithms used for the control system are based 
on a number of key image properties that can be used to 
derive the critical degrees of freedom: 3 degrees-of-freedom 
(DOF) translation (i.e., along x, y and z-axes) and 2-DOF 
rotation (i.e., yaw and pitch rotation). In this study, the 
UUVs are assumed to be stable about its roll axis (x-axis). 
Changes in distance and orientation between the UUVs are 
monitored using: 1) a classifier such as a Spectral Angle 
Mapper (SAM) [17] or Maximum Likelihood [18] based on 
a measure of resemblance between a reference image and an 
image under test and 2) changes in skewness of the image 
along a profile in the 2-D array. These key image properties 
that correspond to shifts in displacement and orientation 
between UUVs are compiled in a database of look up tables. 
The success of the study was based on the ability of the 
control system to maintain a relative pose between the two 
UUVs (i.e., the leader and follower) to within an accuracy 
of ±0.1 m in translation (i.e. in each x, y and z-axes). This 
was accomplished by modeling the two vehicles and 
separately applying Proportional-Derivative (PD) control to 
each of the vehicles. 
The control system of the UUV optical communication 
is mainly dependent on 1) the underwater optics and 2) 
UUV modeling and control design. The underwater optics is 
used to explain the underwater light field and its interaction 
with the detector array. The intensity of the light field 
produced by the light source is dominated mainly by its 
beam divergence and scattering. In the analytical studies in 
this paper, a dynamic model of the UUV is used, in 
conjunction with the UUV control system design, to 
determine the resulting response of the UUV to the received 
pose feedback from the detector arrays (via the developed 
simulator). Here, the leader and the follower UUVs are 
selected to be UUVs with full 6-DOF motion capability. In 
addition, both vehicles are assumed to be identical.  
A. Optical Theory 
The light field produced from a light source can be 
modeled with different mathematical functions. In this 
study, the light field is modeled with a Gaussian function as 
follows: 
ܫሺߠሻ ൌ ܣ כ exp ሺെ ఏమଶఙమሻ                             (1) 
where ߠ is the incidence angle, ܣ is the Gaussian amplitude 
and ߪ is the cut-off angle that limits the light emitting angle 
in its travel directions.  
The intensity of the light beam is determined by ocean 
optic laws. One is the Inverse-Square Law, in which light 
intensity is inversely proportional to the inverse square of 
the distance: 
ܫ ൌ ௌସగ௥మ                                             (2) 
where ܫ is the intensity, ݎ is the distance from the light 
source to the target, and ܵ is the light intensity at the source. 
Accordingly, the light intensity ratio at two different 







ൌ ቀ௥మమ௥భమቁ                                 (3) 
The light field emitted from the leader vehicle is 
assumed to show uniform illumination characteristics and 
such that its intensity is not absorbed by the medium. The 
Inverse-Square Law represents the dominant source of light 
attenuation in water.  
In addition to the expansion of the light beam, scattering 
along the light path also reduces light intensity. This is 
described by Beer's Law in which light intensity attenuates 
exponentially with distance based on the water clarity [16]. 
The amount of attenuation depends on the distance, ݖ, from 
the light source and the attenuation coefficient, ܭ, and is 
described as follows:  
ܮ൫ݖ; ߦመ൯ ൌ ܮ൫0; ߦመ൯݁ሺି௄௭ሻ                             (4) 
where ܮ denotes the radiance and ߦመ is the directional vector. 
The diffuse attenuation factor in this study is 0.0938 m-1 and 
was determined from experiments conducted in the 
underwater facilities at University of New Hampshire.  
B. UUV Modeling and Control 
a) UUV Modeling: The UUV dynamic (kinetic and 
kinematics) are typically analyzed by using Newton’s 
second law as in [19] and are presented here. 
߬  ൌ  ܯߥሶ  ൅  ܥሺߥሻߥ ൅  ܦሺߥሻߥ ൅  ݃ሺߟሻ           (5) 
The linear and angular velocity vector are represented in 
the body coordinate reference frame ߥ א  Ը଺௫ଵ. The UUV’s 
mass and the hydrodynamic added mass derivatives are 
composed from the rigid body mass, ܯோ஻,  and the added 
mass matrix, ܯ஺ , (i.e. ܯ ൌ  ܯோ஻  ൅ ܯ஺). The Coriolis and 
the centripetal forces are described as ܥሺߥሻ ൌ  ܥோ஻ሺߥሻ ൅ ܥ஺ሺߥሻ, where ܥோ஻ሺߥሻ and ܥ஺ሺߥሻ are derived from ܯோ஻ and ܯ஺ matrices, respectively. The UUV is also subjected to 
gravitational forces and moments, ݃ሺߟሻ, as a function 
position and attitude in the Earth-fixed reference frame, 
ߟ א  Ը଺௫ଵ. Lastly, the quadratic damping force on the UUV 






















                                      (6) 
where ܦ௜  א  Ը଺௫଺ is a function of water density, drag 
coefficient, and projected cross-sectional area. The control 
input vector is derived with respect to the body coordinate 
frame, as the control input is applied to the body. The body-
fixed reference frame is transformed into the Earth-fixed 
reference frame: 
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ߟଵሶ ൌ  ܬଵሺߟଶሻݒଵ                                     (7) 
where ߟ ൌ  ሾ ݔ ݕ ݖ ߶ ߠ ߰ ሿ்  is composed of translation 
along the x, y and z axes and roll, ߶, pitch, ߠ, and yaw, ߰, 
rotations defined in Earth-fixed coordinates. Here, ߟ א
 Ը଺௫ଵ is the position and attitude state vector in the Earth-
fixed coordinate frame, i.e. ൌ  ሾߟଵ ߟଶሿܶ , where ߟଵ  א Ըଷ௫ଵ 
corresponds to translational motion in the Earth-fixed 
reference frame and ߟଶ  ൌ  ሾ ߰ ߠ ߶ ሿ் is the vector of Euler 
angles (using a 3-2-1 rotation sequence) representing the 
vehicle attitude. ܬଵሺߟଶሻ is the transformation matrix (from 
the body fixed coordinates to Earth-fixed coordinates) and 
is described as 
ܬଵሺߟଶሻ ൌ ൥
ܿ߰ܿߠ െݏ߰ܿ߶ ൅  ܿ߰ݏߠݏ߶ ݏ߰ݏ߶ ൅  ܿ߰ܿ߶ݏߠ
ݏ߰ܿߠ ܿ߰ܿ߶ ൅  ݏ߶ݏߠݏ߰ െܿ߰ݏ߶ ൅  ݏߠݏ߰ܿ߶
െݏߠ ܿߠݏ߶ ܿߠܿ߶
൩  (8) 
where ݏሺڄሻ and ܿሺڄሻ represents sine and cosine functions, 
respectively, while ߶, ߠ and ߰ are the corresponding roll, 
pitch and yaw angles defined in Earth-fixed coordinates, 
respectively. As such, the corresponding attitude 
transformation matrix is an identity matrix such that 
ܬଵሺߟଶሻ  ൌ  ܫଷ௫ଷ. Numerical integration of Eq. (8), therefore, 
results in the extraction of UUV position in the Earth-fixed 
coordinate frame. 
b) UUV Controller: Under the assumption that the 
leader UUV has a known path a priori, the follower UUV 
can use information collected by the planar detector array as 
feedback to determine the leader UUV’s relative pose: 
ߟ௙  ൌ  ߟ௟  െ ߟௗ                                        (9) 
where ߟ௙ is the follower pose, ߟ௟ is the leader pose 
determined by the follower, and ߟௗ is the desired relative 
pose, incorporating desired relative distance and attitude, 
between the leader and the follower UUVs. The control 
problem in this case can be evaluated as both a point-to-
point regulation problem and also as a trajectory control 
problem. The leader is given a reference input, i.e. step 
inputs, to travel to given waypoints while the follower 
generates its own time-varying trajectory from the leader 
motion. PD control of a nonlinear square system, as in Eq. 
(6), is shown to be asymptotically stable by using 
Lyapunov‘s Direct Method [12]. 
III. EXPERIMENTAL DESIGN 
A. Optical Parameters 
The follower pose detection of the leader is based on the 
output image sampled by follower’s detector consisting of 
an array of 21x21 detector elements. Specifically, the output 
image is the light field emitted from the leader’s beacon that 
intersects with the planar detector array. The control 
algorithms in this study are tested using data produced from 
the detector array simulator previously developed by the 
authors. The input to the simulator is the relative pose 
geometry between the UUVs and the optical conditions of 
the medium. To extract the pose of the leader from the 
image, five main image parameters are used. These 
parameters are the Spectral Angle Mapper (SAM), the 
skewness of both the row and column of the resulting 
intensity profile, and the row and column numbers of the 
image pixel with the highest intensity.  
SAM is a measure of resemblance between a reference 
image and an image under test.  Here, the reference image is 
the output obtained from the detector array when the light 
source and the detector have an offset along the x-axis only 
with no translation/rotation. The image under test is the 
output when there is a specific relative pose between the 
leader and the follower. SAM algorithm is given as: 
ߙ ൌ cosିଵ ൬ ௎೟ሬሬሬሬԦ൉௏೟ሬሬሬԦฮ௎೟ሬሬሬሬԦฮ൉ฮ௏೟ሬሬሬԦฮ൰                                  (13) 
where ߙ is the SAM angle which varies between 0୭ and 
90୭ and increases when the difference between the two 
images increases. ௧ܷሬሬሬሬԦ and ௧ܸሬሬሬԦ are the light intensity vectors 
obtained by the detectors for the reference image and image 
under test, respectively.  
Two other key image parameters are the skewness 
values of the horizontal slope, ܵ݇௫, and the vertical slope, ܵ݇௬. The key in using these parameters is that they do not 
require significant computational effort.  This is a key 
advantage, as the performance of the control system will 
degrade with increased computational delays.  
Based on the location of the pixel with the maximum 
intensity, the horizontal and vertical gradients of the image 
are calculated. The use of the gradient of the intensities, 
rather than the intensity profile itself, is advantageous as the 
slope provides both directionality and asymmetry 
information. As an example, a reference image and sample 
detected image with the resulting horizontal and vertical 
profiles (showing the respective gradients in each direction) 
are provided in Fig. 1. 
 
 
Fig.1. Reference image and detected image. Reference image (top left), 
Detected image (top right), y-axis intensity profile (bottom left), z-axis 
intensity profile (bottom right). 
B. Consolidated Data Base 
Cases for varying geometries are simulated in the 
authors’ numerical simulator. For translation motion, i.e. y 
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and z-axis motions, the detector array is moved from -0.3m 
to 0.3m at 0.03m increments. For rotational motion, i.e. 
pitch and yaw motion, the follower is rotated from -30o to 
30o at 3o increments. The results from the simulations for 
each combination of motions are stored in a consolidated 
data base, in the form of a look up table. The table consists 
of the pose of the light source, i.e. ݔ, ݕ, ݖ, ߰ (yaw) and ߠ 
(pitch), the corresponding skewness values for the images, 
i.e. ܵ݇௫ and ܵ݇௬, ߙ (SAM angle), and the row and column 
number of the pixel with the highest intensity (Table I).   
Here, the first four columns indicate the inputs to the 
simulator (relative position between the light source and 
detector and the central pixel of the detector array). 
Columns five to column nine indicate the 5 chosen optical 
parameters describing the detected output. 
 




















0 0.03 24 3 -0.450 -0.040 6.55 10 18
0 0.03 24 6 -0.450 0.017 6.47 11 18
0 0.03 24 9 -0.456 0.072 6.48 12 18
0 0.03 24 12 -0.462 0.126 6.58 13 18
0 0.03 24 15 -0.465 0.185 6.75 14 18 
0 0.03 24 18 -0.467 0.239 6.98 14 18
0 0.03 24 21 -0.477 0.293 7.26 15 18
0 0.03 24 24 -0.484 0.348 7.57 16 18
 
For this analytical study, the follower UUV detector 
array samples the incoming light field and the real-time 
measurements are compared to values contained in the 
aforementioned data base.  After which, the leader UUV’s 
relative pose is obtained. The leader UUV’s pose 
parameters y, z, ߠ and ߰ are estimated using the compiled 
data base. The x-axis coordinate is estimated using the 
previously estimated y, z, ߠ and ߰.  
C. Pose Detection Algorithm 
The pose detection algorithm starts with the 
determination of the pixel (detector array element) with the 
greatest light intensity. Then, the poses that result in the 
same maximum pixel intensity location are extracted from 
the data base. (These poses are referred to as “candidate 
poses”.) By looking at the intensity profile of the 
neighboring pixels to the pixel with the greatest intensity, 
any rotational (pitch and yaw) motion can be detected. 
Then, the skewness values (ܵ݇௫ and ܵ݇௬) and SAM angle 
are subtracted from the candidate pose parameters to obtain 
a “difference table”. The result is a numerical cost function, 
Pi, comprised of the differences of the chosen optical 
parameters as a weighted sum: 
௜ܲ ൌ  ܿଵ|ܵ݇௫ െ ܵ݇௫௜| ൅ ܿଶหܵ݇௬ െ ܵ݇௬௜ห ൅ ܿଷ|ܵܣܯ െ ܵܣܯ௜|  (14) 
Here, ௜ܲ ,  ܵ݇௫௜, ܵ݇௬௜ and ܵܣܯ௜  represent the penalty, 
skewness and SAM angle values, respectively, for the 
candidate pose, ݅.   The parameters ܿଵ, ܿଶ and ܿଷ denote the 
respective weighting factors for row and column skewness 
and the SAM angle. Among the chosen candidate poses, the 
candidate with the lowest penalty score is chosen as the 
pose estimate.  
The x-coordinate of the leader vehicle is estimated 
separately in a two-step procedure. In the first step, a rough 
estimate of the x-position is obtained based upon the total 
intensity of all of the detector array elements. A calibration 
procedure is performed by evaluating the intensities at x-
coordinates from 4m to 8m at 1m increments (Fig. 2).  
Here, the sum of intensities at the detector elements are 
calculated when the leader and the follower only have x-
offset between them. 
 
Fig. 2. – x- coordinate calibration plot.  
The calibration curve results in the first x-coordinate 




షమ.రళల                                 (15) 
In the second step, the x-coordinate estimate from the 
previous step is corrected by using the estimated relative y, 
z, ߠ (pitch) and ߰ (yaw) values as follows: 
ݔ௘௦௧ ൌ ݔ௘௦௧ଵ െ ඥݕ௘௦௧ଶ ൅ ݖ௘௦௧ଶ െ ݈sin ሺߠሻcos ሺ߰ሻ              (16) 
The estimated 5-DOF parameters are then used as feedback 
to the control system in order to perform the appropriate 
control action.  
IV. PRELIMINARY RESULTS 
A preliminary analytical study is performed on a leader-
follower UUV system.  Both the leader and the follower 
vehicles are assumed to be identical with the same mass and 
inertia and both use the same PID control parameters (i.e. 
P=50 and D=8). (Here, a generic PID controller is used, 
without loss of generality, and to simply show proof of 
concept.) In addition, the leader UUV is given two 
reference points, R1 and R2 while the follower is required to 
maintain a relative x-offset of 4m from the leader and to 
maintain y-axis alignment with the leader UUV (Table II).  
The leader is given step input changes, directed to travel to 
the specified waypoints. Initially, the leader UUV is 



























The control goal for the follower UUV is to follow the 
leader from 4m behind in x-axis direction while maintaining 
the same y-axis coordinate. The trajectories generated by 
the detection algorithms are smoothed using a Kalman filter 
as the distance detection algorithm results in a finite 
resolution, i.e. 0.03m in y-z axes motion detection. 
 
TABLE II.  INITIAL POSITIONS, CONTROL GOALS AND RESULTS 











































Fig. 3. Waypoints R1 and R2, the leader (red dashed line) and the follower 
motions (blue stars) in xy-plane.  
As shown in Fig. 3, the performance results of the 
leader-follower UUV system (i.e. detection algorithm and 
control design) demonstrate that the follower UUV 
maintains the desired fixed distance from the leader with 
acceptable accuracy.  (The authors note that accuracy can 
also be increased with other control methods.)  It is 
observed that the leader UUV does not deviate in the x-
direction, but has an overshoot in the y-direction at the first 
waypoint. At the second waypoint, i.e. R2, the leader’s PID 
controller manages to eliminate the error in the y-direction 
but results in an overshoot in x-direction.  
Contrary to the leader UUV, the follower UUV 
generates its own desired time-varying trajectory by 
observing and estimating the motion of the leader UUV. 
The reference trajectory generated by the follower UUV and 
smoothed by the Kalman filter results in a smoother 
trajectory than the trajectories generated by the detection 
algorithm, especially in y-axis.  
Fig. 4 and Fig. 5 show the actual leader and follower 
motion in x and y-axes, respectively, the trajectory 
generated by the follower and the smoothed trajectory. 
Overall, the leader UUV completes its task with negligible 
steady-state error in y-axis and 0.26m steady-state error in 
x-axis. The follower UUV manages to keep its distance 
with the leader UUV to 3.97m in the x-axis direction and 
0.05m in the y-axis direction. The errors associated with the 
follower in the two axes are 0.03m and 0.05m, respectively 




Fig. 4.  The UUV time-varying x-axis coordinates: the leader UUV’s x-
axis motion (blue line), the follower reference trajectory generated by the 
detection algorithm results (red dots), and a smoothed trajectory (green 
line). 
 
Fig. 5.  The leader UUV’s y-axis motion: the leader UUV’s x-axis motion 
(blue line), the follower reference trajectory generated by the detection 
algorithm results (red dots), and a smoothed trajectory (green line) 
V. CONCLUSIONS 
The goals of this study are to develop a detection 
algorithm and to analyze the resulting control system 
performance (using a generic PID controller) for a leader-
follower UUV system using an optical communication 
detector array. The follower UUV is able to detect the 
motion of the leader UUV based on five parameters (Skx, 
Sky, the row and column elements corresponding to a 
greatest light intensity, and the SAM angle) extracted from 
the output imagery of the detector array. A data base is 
constructed taking into account varying combinations of 
relative positions and orientations of the leader UUV with 
respect to the follower UUV. Based on a pre-defined course 
of the leader UUV, virtual real-time distance detection 
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algorithms are applied using the intensity measurements 
from the detector array and the data base look up tables. 
The leader motions are calculated based on row and column 
elements in the imagery that are taken as pose candidates. 
The final pose for the leader position is calculated based on 
a calculated cost function that incorporates the differences 
of the skewness of the beam in the imagery and 
corresponding SAM angles.  
Preliminary results from simulations that include the 
leader UUV following two reference waypoints (as step 
inputs) demonstrate that the control system has good 
performance. The leader UUV control system manages to 
maintain the final control goal to within 5% overshoot in 
the x-axis direction with no overshoot in the y-axis 
direction. The follower UUV generates its trajectory based 
on the feedback received from the detection algorithm and 
using the Kalman filter to smooth the trajectory. The 
follower UUV is able to complete its control goal to within 
an accuracy of 0.03m in the x-axis direction and 0.05m in 
the y-axis direction. The follower UUV motion accuracy is 
dependent on the accuracy of its detection algorithm. 
Because the follower UUV generates its own time-varying 
trajectory, it is vital that the reference trajectory is smooth. 
To compensate for this time-varying trajectory, a Kalman 
filter is applied. Although the follower UUV performs well 
in maintaining its control goals (traveling to a way-point), 
better controllers could be implemented for increased 
tracking performance.  
Future work includes developing a more advanced 
detection algorithm that is able to provide better motion 
detection capability. Also, observed cross-talk during the 
simulations, e.g. detection of yaw and pitch motion when 
the leader's trajectory did not include any rotation, is to be 
minimized. Furthermore, the PD controller performs well in 
point-to-point control problems, but is not sufficient in the 
trajectory following aspects of the simulations.  Therefore, 
the implemented control algorithm should also be 
improved, especially that of the follower UUV, perhaps 
using more sophisticated controllers specifically designed 
for nonlinear systems.  
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